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We perform a simultaneous analysis of s- and p-waves of the S = −1 meson-baryon scattering
amplitude using all low-energy experimental data. For the first time, differential cross section data
are included for chiral unitary coupled-channel models. From this model s- and p-wave amplitudes
are extracted and we observe both well-known I(JP ) = 0(1/2−) s-wave states as well as a new
I(JP ) = 1(1/2+) state absent in quark models and lattice QCD results. Multiple statistical and
phenomenological tests suggest that, while the data clearly require an I = 1 p-wave resonance, the
new state just accounts for the absence of the decuplet Σ(1385)3/2+ in the model.
PACS numbers: 11.30.Rd, 11.80.Gw, 14.20.Jn
Introduction Strangeness plays an important role
in various facets of strongly interacting matter. For ex-
ample, the attractive interaction between antikaons and
nucleons leads to the famous Λ(1405)-resonance as pre-
dicted in Ref. [1]. Nowaday this low-energy, S = −1
region is accessed by chiral unitary coupled-channel mod-
els [2–21], amplitude analyses [22–27], lattice QCD [28–
32], and quark models [33–35], see, e.g., the reviews in
Refs. [36, 37]. A similar mechanism can be responsi-
ble for the generation of K−pp bound states [38, 39]
as predicted in Ref. [40]. Furthermore, the equation of
state of neutron stars is sensitive to the antikaon conden-
sate [41, 42] and thus to the propagation of antikaons in
nuclear medium. In the era of high-precision measure-
ments of neutron star properties with LIGO [43], this ul-
timately can lead to new interconnection between QCD
and astrophysical observations.
At the core of all theoretical studies lies the antikaon-
nucleon scattering amplitude, which has to address the
non-perturbative regime of QCD valid over a large energy
range including the resonance region. Such a ”twice non-
perturbative” amplitude can neither rely on perturba-
tive QCD nor its low-energy effective field theory. Thus,
some model dependence has to be introduced, with the
corresponding parameters being fitted to experimental
data. In this work we use the model derived in a se-
ries of works [2, 44, 45] which to our knowledge is the
only approach, which has the correct low-energy behav-
ior, fulfills two-body unitarity and describes s- and p-
waves simultaneously without introducing explicit states.
This property is utilized to fit all available scattering and
threshold data including (for the first time) differential
cross sections, simultaneously, up to energies well below
the d-wave Λ(1520)3/2− resonance.
Model The entire database for meson-baryon scat-
tering in the strangeness S = −1 sector comes from
experiments with K−p in the initial state. In gen-
eral, 10 combinations of ground state octet mesons and
baryons have the same quantum numbers, i.e. S :=
{K−p, K¯0n, pi0Λ, pi0Σ0, pi+Σ−, pi−Σ+, ηΛ, ηΣ0, K+Ξ−,
K0Ξ0} meaning that the scattering amplitude T must
describe the dynamics of all coupled-channels simultane-
ously. Two-body unitarity constrains the form of such a
scattering amplitude, incorporated exactly via the Bethe-
Salpeter equation in d Minkowski dimensions
T (/q2, /q1; p) = V (/q2, /q1; p) (1)
+ i
∫
dd`
(2pi)d
V (/q2,
/`; p)
`2 −M2 + i
1
/p− /`−m+ i
T (/`, /q1; p) ,
where p is the total and q1/2 are the in-/outgoing me-
son four-momenta, while m/M denotes the mass of the
baryon/meson in each channel, respectively. Different
channels are related by SU(3)f symmetry and its breaking
in the interaction kernel V and can be further restricted
by demanding the correct energy-dependence around the
corresponding thresholds. This requirement is addressed
by taking the ChPT [46, 47] local potential up to the
next-to-leading chiral order
V (/q2, /q1; p) = AWT ( /q1 + /q2) +A1−4(q1 · q2) (2)
+A5−7[ /q1, /q2] +A0DF +A8−11
(
/q2(q1 · p) + /q1(q2 · p)
)
,
where A are matrices over the channel space that de-
pend on the meson decay constants (fixed throughout
this work together with meson and baryon masses to the
physical values [37]) and low-energy constants (LECs)
{b0, bD, bF , b1, ..., b11}. The latter are not known from
ChPT and must be fitted to the experimental data.
The present model corresponds to an infinite set of
ChPT Feynman diagrams. Since this set does not con-
tain all possible diagrams, the regularization scale of the
loop integration in Eq. (1) does not cancel out. To ex-
press it differently, this scale parametrizes the missing
Feynman topologies to some extent and is dealt with as
free parameters of the model. Neglecting isospin break-
ing, there are six such parameters, called {ai|i = 1, .., 6}
in the following for brevity. Previous analyses [3, 44, 45]
have shown that off-shell terms explicitly contained in
Eq. (1) have only minor effect and are dropped here as
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2χ2dof 1.10 (62/30/8%)
|Σ| [GeV−14] 0.106
a1−6 b1−11 [GeV−1]
+0.44+0.28−0.14 −0.34+0.11−0.04
+2.04+1.37−0.50 +0.29
+0.21
−0.18
+0.14+0.15−0.20 −0.62+0.04−0.06
−0.95+0.30−0.31 −0.02+0.16−0.14
−0.75+0.16−0.45 +0.24+0.06−0.11
−1.99+0.30−3.59 −0.82+0.31−0.09
−1.32+0.44−0.04
b0,D,F [GeV
−1] −0.01+0.02−0.10
−0.50+0.01−0.01 +0.04+0.22−0.14
+0.08+0.01−0.01 +0.15
+0.05
−0.06
−0.22+0.01−0.01 +0.40+0.13−0.05
I(JP ) 0(1/2−) 0(1/2−) 1(1/2+)
Pole position [MeV] 1430− 15i 1360− 43i 1360− 11i
Covariance [MeV2]
(
+20.0 +3.7
+14.9
) (
+169 − 166
+ 202
) (
+354 − 91
+ 31
)
C
o
u
p
li
n
g
s
[G
eV
]
gK−p 0.34
+0.10
−0.05 0.35
+0.06
−0.03 0.10
+0.05
−0.03
gK¯0n 0.32
+0.10
−0.05 0.35
+0.06
−0.04 0.10
+0.04
−0.03
gpi0Λ − − 0.19+0.03−0.03
gpi0Σ0 0.19
+0.03
−0.02 0.39
+0.04
−0.03 −
gpi+Σ− 0.19
+0.03
−0.02 0.40
+0.04
−0.03 0.11
+0.06
−0.07
gpi−Σ+ 0.19
+0.03
−0.02 0.38
+0.04
−0.03 0.09
+0.06
−0.06
gηΛ 0.22
+0.23
−0.09 0.30
+0.10
−0.07 −
gηΣ0 − − 0.13+0.25−0.07
gK+Ξ− 0.05
+0.03
−0.03 0.02
+0.02
−0.01 0.08
+0.07
−0.06
gK0Ξ0 0.06
+0.03
−0.03 0.02
+0.02
−0.01 0.08
+0.07
−0.06
TABLE I: Left: Parameters of the best fit. The values in parentheses behind the χ2dof show the contributions from
data sets (a,b,c), respectively. The generalized variance is given by the determinant of the covariance matrix, |Σ|,
and is related to the volume of the error ellipse as described in the main text. Error bars on the model parameters
are determined in a re-sampling procedure. Right: Prediction of resonance parameters found in a channel of given
isospin (I) and total angular momentum (J = L±1/2) on the second Riemann sheet, including the absolute values of
the couplings to meson-baryon channels.
well. With this approximation the scattering amplitude
is solved analytically and is projected to physical observ-
ables [48]. In particular, for channel indices i and j the
partial-wave amplitudes read
16piWf ijL± = (3)
+
√
Ei +mi
√
Ej +mj
(
AijL +
(
W − mi +mj
2
)
BijL
)
−
√
Ei −mi
√
Ej −mj
(
AijL±1 −
(
W +
mi +mj
2
)
BijL±1
)
.
Here E =
√
m2 + q2cms for qcms being the modulus
of the three-momentum in the center of mass system,
while AijL and B
ij
L denote the partial wave projected (to
angular momentum L) invariant amplitudes. On shell
the latter are related to the scattering amplitude (1) as
T ijON = A
ij + (/q + /q′)Bij , see for more details and fur-
ther definitions Sec. 2 of Ref [48]. To our knowledge
this model is the only existing unitary coupled-channel
model which contains explicit s- and p-wave interactions,
derived from the low-energy behavior of QCD Green’s
functions.
Data and fits The available data consist of: (a) To-
tal cross sections [49–52] for {K−p → Si |i = 1, .., 6}
in the lab-momentum range of Plab < 300 MeV; (b)
Differential cross sections [53] in the same momentum
window for the K−p → K−p and K−p → K¯0n reac-
tions; (c) Threshold decay ratios [54, 55] γ = 2.38±0.04,
Rn = 0.189 ± 0.015, Rc = 0.664 ± 0.011, and energy
shift ∆E = 283 ± 42 eV and width Γ = 541 ± 110 eV
of kaonic hydrogen measured in the SIDDHARTA [56]
experiment and related [57] to the K−p complex-valued
scattering length aK−p. Further experimental data, re-
lated indirectly to the K¯N scattering amplitude, require
additional model assumptions and are not used in fits.
A-posteriori checks to these data will be discussed be-
low.
We employ a multi-step fitting routine to explore the
parameter space as extensively as possible. First, we set
all parameters b to zero, effectively reducing the chiral
order of the driving term V of Eq. (1). The remaining
parameters are fitted to the data starting from a large
set O(103) of randomized starting values of natural size,
i.e. |ai| . 5. Second, using the best fits of the previous
step as starting values we fit all parameters of the model
simultaneously. The starting values of the so-called dy-
namical LECs b1 − b11 are chosen randomly and fitted
within natural limits |b1−11| < 10 GeV−1. The start-
ing values of the symmetry-breaking LECs b0, bD, bF are
chosen to be consistent with ground-state octet baryon
masses and σpiN at the next-to-leading chiral order. In
the fit, small variations around these values are allowed.
We found that this stabilizes the fit considerably. At
every step of the fit routine, we impose an analyticity
constraint on the scattering amplitude, disregarding so-
lutions with poles on the first Riemann sheet closer than
150 MeV to the real axis.
The obtained best fit has an order of magnitude smaller
χ2dof than the next best fits. Its parameters are collected
in the left panel of Tab. I. The experimental data is well
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FIG. 1: Real (solid, blue) and imaginary (red, dashed) parts with 1σ uncertainty bands of K¯N partial wave
amplitudes with I(JP ). The vertical dashed lines show the positions of the piΛ, pi0Σ0, pi+Σ−, pi−Σ+, K−p, K¯0n
thresholds, and the dots over the plots represent the available data in the respective channel from top to bottom.
reproduced by the model as shown in Figs. 3 and 4 in
the Appendix. In Fig. 3 also the s-wave cross section is
shown. The p-wave contribution to the total cross section
is very small but p-wave as such still has a major influence
on the fit through the differential cross section. The ma-
jor contribution to the χ2dof originates from the total cross
sections data (a), see values in parenthesis. All model
parameters are of natural size with 1σ-uncertainties de-
termined in a re-sampling procedure. The quantity |Σ|
shows the generalized variance that is proportional to the
volume of the error ellipse of the 20-dimensional param-
eter space which can serve as a bulk measure of how well
the data restrict the parameters. In particular, in the re-
gion with confidence 1−α around the best fit parameters
(p), the volume of ellipse reads (2pi)
p/2
pΓ( ps )
(χ2p,α)
p/2|Σ|1/2. We
will set the quoted number (0.106 GeV−14) into relation
when discussing the stability of results in the following.
Furthermore, exploring the covariance matrix, we have
not found any obvious separation between various pa-
rameter groups.
The interaction kernel (2) contains explicit (linear)
dependence on the (cosine of) scattering angle, and so
does the solution of the dynamical coupled-channel equa-
tion (1). The best fit solution is projected to the s- and
p-waves, denoted as in Ref. [48] by f IL±, indicating total
angular momentum J = L±1/2 and isospin I. This is
depicted in Fig. 1 for the K¯N channel including 1σ error
bands up to energies covered by the considered data base
(see dots above Fig. 1). Around the K¯N threshold the
dominant contribution is due to the s-wave amplitudes
with a clear resonant behavior in the sub-threshold re-
gion in the isoscalar channel.
To identify the resonance parameters the amplitudes
f IL± are analytically continued to the complex energy-
plane on the second Riemann sheet (II.RS). Indeed, on
the II.RS connected to the physical one between the piΣ
and K¯N thresholds we find two poles in the 0(1/2−) sec-
tor, associated with the Λ(1405), and one in the 1(1/2+)
channel, referred in the following to as Σ(1380)1/2+.
The resonance parameters are collected in the
right panel of Tab. I, including the magnitudes
of the couplings to the meson-baryon channels
g2 := | limW→W∗(W −W ∗)f IL±(W )| for the pole posi-
tion W ∗. As expected, the narrow pole of the Λ(1405)
couples dominantly to K¯N , while the broad one more to
the piΣ channels. The new Σ(1380)1/2+ state couples
mostly to the pi0Λ channel.
The resonances poles in the complex energy-plane are
depicted and compared with the outcome of other models
in Fig. 2. Note that all these models are purely s-wave
approaches, and do not include the differential cross sec-
tion data (b) that bears information on the partial-wave
content. This is in line with the observation that, while
there is a good agreement on the parameters of both
poles in the s-wave with these models, the new p-wave
state has not been found in any previous analyses.
Stability of results The predictions for the both
poles of the Λ(1405)1/2− are well in agreement with
other modern approaches [2, 11, 13]. The new p-wave
Σ(1380)1/2+-resonance has similar mass, width, and
branching ratios as the decuplet Σ(1385)3/2+ but dif-
ferent total angular momentum and is not listed in the
PDG [37]. Before discussing the possible origin of this
spurious state we perform several statistical and phe-
nomenological tests to confirm its existence within the
present model.
4FIG. 2: Pole positions (black stars at the centers of the ellipses) for the I(JP ) = 0(1/2−) (left) and 1(1/2+) (right)
channels. The error ellipses are from a re-sampling procedure shown explicitly in the corresponding insets. The
shaded rectangles show the predictions of Refs. [2, 11, 13] for the narrow (blue) and broad (orange) pole of Λ(1405).
On the left, the black crosses denote the locations of the Λ(1405) poles when the Σ(1385)3/2+ is included in the
model (see “Fifth” in the main text). In that case, the I(JP ) = 1(1/2+) pole (right, star) disappears and is replaced
by the Σ(1385)3/2+ (right, cross).
First: The piΣ-invariant mass distribution [58] from
the reaction K−p→Σ(1660)+pi−→((pi−Σ+)pi+)pi− can
be used for an a-posteriori test of the obtained so-
lution. For this and following Ref. [20] we assume
energy-independent production and decay vertices of the
Σ(1660)1/2+. Fitting the associated constants, while not
altering the meson-baryon scattering amplitude in the fi-
nal state, we obtain a good fit with χ2pp = 0.89 (per data
point). The result is shown in Fig. 6a in the Appendix.
Second: A similar test of our scattering amplitude can be
performed using the piΣ-invariant mass distributions [59]
of the reactions γp → K+(piΣ) recently measured with
CLAS at Jefferson Lab. Following Refs. [2, 60] we obtain
a good fit of the data with χ2pp = 1.07 (see Fig. 5 in
the Appendix), fitting again only the generic couplings
γN → K+Si.
Third: The differential cross section data (b) contributes
with 30% to the full χ2dof , see Tab. I that also contains
the total cross section data (a) and threshold decay ratios
(c). Additionally, we test the impact of the these data
by excluding it. Indeed, the generalized variance |Σ|,
that provides a bulk number of how well data restrict
parameters, increases from |Σa,b,c| = 0.106 GeV−14 to
|Σa,c| = 9.74 GeV−14. In other words, the parameters
of the model are significantly less well determined when
omitting the differential cross section data, demonstrat-
ing their relevance. Furthermore, the 1(1/2+) pole in the
complex energy plane disappears – the existence of the
Σ(1380)1/2+ seems indeed tied to the differential cross
section data.
Fourth: To investigate the stability of the new p-wave
resonance further, we use the least absolute shrink-
age and selection operator (LASSO) [61] to remove
the Σ(1380)1/2+. In this we add a penalty term
λ
∫ 1.46 GeV
1.29 GeV
|∂2/∂W 2 f I=11− (W ))|dW to the total χ2. Min-
imizing this function at λ = 0 and including data (a,b,c)
we obtain back our previous result. Subsequently in-
creasing the value of λ and re-fitting, the curvature of
the amplitude between the piΣ and K¯N thresholds de-
creases forcing the p-wave resonance to disappear into
the complex plane as shown in Fig. 6b. The figure also
reveals that the description of the threshold data (c) de-
teriorates most visibly as the pole disappears. Of course,
this is not directly due to the disappearance of the pole,
but related to it through parameters bi and ai.
The quantity λcrit is the minimum λ, at which
|∂2/∂W 2 f I=11− (W )| is close to zero for W ≈ 1380 MeV.
The difference in quality of the fit of the data when λ = 0
(our best fit) with the fit of the data at λcrit measures
the stability of the resonance. The likelihood ratio of the
fit at λ = λcrit to the fit at λ = 0 is 4.3 × 10−28 which
shows that the data description indeed deteriorates sig-
nificantly in the absence of the resonance. In particular,
the prediction of kaonic hydrogen data [56] is more than
2 standard deviations away from the experimental value
at λcrit.
Fifth: The p-wave decuplet Σ(1385) resonance in the
JP = 3/2+ partial wave is absent in our model because
the NLO terms do not fully describe the JP = 3/2+
sector. On the other hand, the slope of the differen-
tial cross section indicates the size of the p-wave con-
tribution (Fig. 4) but is blind to the total angular mo-
mentum. It is then obvious to ask if the newly found
5Σ(1380)1/2+ is only generated to account for the absence
of the Σ(1385)3/2+. This could indeed be the case be-
cause the Σ(1380)1/2+ exhibits very similar pole position
and branching ratios as the Σ(1385)3/2+.
b1 b2 b3 b4 b5 b6 b7 b8 b9 b10 b11
-0.34 -0.06 -0.59 0.15 0.14 -0.61 -0.97 0.04 0.37 0.16 0.32
b0 bD bF a1 a2 a3 a4 a5 a6 g m0
-0.46 0.13 -0.27 0.32 5.48 0.27 -1.07 -0.96 -1.44 1.50 1.52
I(JP ) 0(1/2−) 0(1/2−) 1(1/2+)
Pole Positions [GeV] 1.3644 -0.0431i 1.4302 -0.0151i 1.366-0.009i
TABLE II: Best fit parameters in GeV and pole
positions found when an explicit Σ(1385)3/2+ state is
included in the fit. g and m0 are the new parameters
for this test.
To test this hypothesis, we explicitly include it in or-
der to replace the new Σ(1380)1/2+. The two-potential
formalism allows the addition of resonances to an ampli-
tude without spoiling unitarity [62]. This is achieved by
adding the term fP1+ = Γ
∗[W −m0− γT IΓ∗]−1ΓT to f1+
where T indicates the transpose of the “dressed vertex”
Γ = γ + γIf1+ which is a vector in channel space. The
“bare vertex” vector γ has components γi = g gi with one
free fit parameter g and the relative decay strengths gi
to channels piΛ, piΣ, and K¯N fixed by the Lagrangian of
Ref. [63]. Furthermore, I is the diagonal matrix of meson-
baryon loop functions from the integration in Eq. (1).
The bare mass m0 and bare coupling g are new fit pa-
rameters.
We then fit the previous free parameters as well as the
two new ones shown in Tab. II. These parameters give a
Σ(1385)3/2+ pole position of W = 1.366 − 0.009i GeV.
This value is 16 MeV below the Particle Data Group
average value of 1382.8 MeV, but it is within the er-
ror ellipse of the spurious structure we observe (see the
cross in Fig. 2). The changed pole positions of the
Λ(1405), also indicated by crosses, lie within the er-
ror ellipses of the previous solution. The ratio of par-
tial decay widths for the Σ(1385)3/2+ is predicted as
Γ(Σpi)/Γ(Λpi) = 0.183 compared to the PDG value of
Γ(Σpi)/Γ(Λpi) = 0.135 [37]. This test causes the p-wave
Σ(1380)1/2+ observed in our previous fit to disappear.
Therefore, the results of this test indicate that the
Σ(1380)1/2+ is dynamically generated by the free pa-
rameters just to account for the missing Σ(1385)3/2+.
Indeed, no Σ(1380)1/2+ is found in Lattice QCD calcu-
lations [30–32].
It should be noted that a more rigorous analysis would
require the inclusion of the Σ(1385)3/2+ as a spin−3/2
field not only in the s but also the u-channel in Eq. (2).
This is beyond the scope of this work. Similar consider-
ations apply to the ground-state Λ and Σ in the s- and
u-channels.
Conclusion For the first time the available low-
energy differential cross section data have been included
in a chiral unitary coupled-channel model with fully dy-
namically generated s- and p-waves, i.e., all waves being
parametrized only by low-energy and regularization con-
stants. Parameters of both Λ(1405)1/2− poles are deter-
mined in this approach with improved stability. Addi-
tionally, and confirmed by multiple (statistical and phe-
nomenological) tests, the data require the existence of a
p-wave pole but are otherwise insensitive to the total an-
gular momentum. Thus, the pole is predicted in the only
available p-wave with JP = 1/2+ but a number of tests
show that this dynamically generated pole accounts for
the absence of the Σ(1385)3/2+ in the model.
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FIG. 3: Total cross sections [49, 50, 52, 55] fitted by the model described in the main part of the manuscript. Error
bands represent the 1σ uncertainty determined in a re-sampling procedure. The dashed black line shows the
contribution of the s-wave part of the amplitude only.
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FIG. 4: Differential cross sections [53] fitted by the model described in the main part of the manuscript. Error
bands represent 1σ uncertainty determined in a re-sampling procedure.
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FIG. 5: Fit (χ2pp = 1.07) to the piΣ invariant mass distribution (Minv) from γp→ K+(piΣ) reaction [59]. The model
for the reaction is taken from Ref. [2], where only generic couplings γp→ K+S are fitted to the data at each
measured total energy Wtot. The meson-baryon scattering amplitude in the final state is taken from the fit to the
scattering data. Only the best fits are shown.
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(6a) Fit of the generic couplings K−p→ Σ(1660)pi− and
Σ(1660)→ (pi−Σ+)pi+ to the invariant mass distribution [58]
in arbitrary units. The final state interaction is taken from
the best fit to the scattering data as described in the main
part of the manuscript. Only the best fit is shown.
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(6b) Dependence of the components of the χ2dof from each
data set on the distance of the W ∗ pole from the real axis,
parametrized with the penalty λ. The sum of all three
components equals χ2dof which increases with the imaginary
position of the pole at W = W ∗. The contribution to the χ2
from the penalty is subtracted in all cases.
